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The interferon-induced protein kinase DAI, the double-stranded RNA (dsRNA)-activated inhibitor of 
translation, plays a key role in regulating protein synthesis in higher cells. Once activated, in a process that 
involves autophosphorylation, it phosphorylates the initiation factor eIF-2, leading to inhibition of polypeptide 
chain initiation. The activity of DAI is controlled by RNA regulators, including dsRNA activators and highly 
structured single-stranded RNAs which block activation by dsRNA. To elucidate the mechanism of activation, 
we studied the interaction of DAI with RNA duplexes of discrete sizes. Molecules shorter than 30 bp fail to bind 
stably and do not activate the eni^yme, but at high concentrations they prevent activation by long dsRNA. 
Molecules longer than 30 bp bind and activate the en^me, with an efficiency that increases with increasing 
chain length, readiing a maximum at about 85 bp. These dsRNAs fail to activate at high concentrations and 
also prevent activation long dsRNA. Analysis of complexes between dsRNA and DAI suggests that at 
maximal packing the en^e interacts with as little as a single helical turn of dsRNA (11 bp) but under 
conditions that allow activation the binding site protects about 80 bp of duplex. When the RNA-binding site is 
fiilly occupied with an RNA activator, the complex appears to undergo a conformational change. 



Protein synthesis is modulated at several levels, most 
commonly at the stage of polypeptide chain initiation, and 
the phosphorylation of initiation factors plays a key role in 
controlling this process (reviewed in references 19 and 20). 
In mammalian cells, a regulatory mechanism involving an 
RNA-activated protein kinase and the eukaryotic initiation 
factor 2 (eIF-2) has been intensively studied. This initiation 
factor forms a ternary complex with OTP and Met-tRNAp 
and delivers the initiator tRNA to the ribosomal site of 
protein synthesis initiation. Discharged eIF-2 is subse- 
quently released as a complex with GDP which must be 
replaced with OTP to permit the formation of another 
ternary complex in preparation for a further round of initia- 
tion. The factor is composed of three dissimilar subunits, a, 
ft, and 7. Phosphorylation of a single residue, serine-51 of 
the a subunit, inhibits translation by trapping a second 
initiation factor, the guanosine nucleotide exchange factor 
(or eIF-2B), which is required to catalyze the substitution of 
OTP for GDP in the discharged eIF-2 complex. Phosphory- 
lation of sufficient eIF-2 can sequester all of the guanosine 
nucleotide exchange factor, thereby preventing eIF-2 recy- 
cling and halting the initiation pathway. 

In mammals, two protein kinases are capable of phosphor- 
ylating the a subunit of eIF-2 in this way (reviewed in 
references 20, 37, and 46). One of them, the heme-controUed 
repressor, is found chiefly in reticulocytes. It is activated by 
the absence of hemm, as well as by other stimuli, and serves 
to prevent the accumulation of globin in the absence of iron 
or heme. A second kinase, the double-stranded RNA-acti- 
vated inhibitor (DAI; also referred to as PI kinase, p68 
kinase, Pl/eIF-2a kinase, and PK<,s, etc.) is present in a wide 
range of tissues. DAI is an important element in the host 
antiviral response, and its synthesis is induced at the tran- 
scriptional level by interferon (reviewed in references 21, 54, 
56, and 59). The enzyme is ribosome associated (11, 34) and 
normally exists in an inactive or latent state. Under some 
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circumstances, DAI activation leads to the virtually com- 
plete abrogation of protein synthesis, while in other circum- 
stances it may contribute to the selective translation of 
particular classes of mRNA (8, 24, 26, 36, 47, 60). It has also 
been implicated in cellular differentiation (23, 52), in the 
inhibition of cell proliferation (6, 51), in the heat shock 
response (10), and possibly in transcriptional induction (61, 
64). Moreover, in yeast cells, the related protein kinase 
GCN2 mediates the growth response to amino acid starva- 
tion (9). As its name implies, DAI is activated by double- 
stranded RNA (dsRNA). Other polyanions such as heparin 
can also activate it, while small, highly structured RNA 
molecules such as adenovirus VA RNA suppress its activa- 
tion (38). Thus, DAI is a pivotal cellular regulatory enzyme 
whose level and activity are modulated by factors of both 
viral and cellular origin. 

The interactions between DAI and its RNA effectors are 
complicated and incompletely understood. The kinase is 
activated by dsRNA but not by DNA or DNA-RNA hybrids 
(22, 32, 35, 58). Single-stranded RNA, either synthetic or 
natural, is also inactive unless it can form extended hairpin- 
like structures (5, 22). There is no discernible sequence 
dependence for activation by dsRNA, and limited mismatch- 
ing (44) and some modified bases (2, 45, 62) are tolerated, but 
the activity of dsRNA is reduced by ethidium bromide (1), 
suggesting that the topological form of the RNA duplex is 
important. Activation is accompanied by autophosphoryla- 
tion of the kinase at multiple sites on serine and threonine 
residues (3, 11, 14, 30), and results in a change of substrate 
specificity such that the activated enzyme can phosphorylate 
the a subunit of eIF-2 and some other proteins (53, 58) but 
can no longer phosphorylate other molecules of DAI (29). 
Once activated, however, the phosphorylated enzyme is 
unaffected by the addition or removal of dsRNA (11, 58, 63). 

Activation of DAI by dsRNA displays a paradoxical 
concentration dependence: the enzyme is activated by low 
concentrations of dsRNA (in the range of 10 to 100 ng/ml), 
but higher concentrations are decreasingly effective activa- 
tors, giving rise to a bell-shaped activaticn curve (11, 22, 27, 



5238 



Vol. 12, 1992 



INTERACTIONS OF dsRNA WITH PROTEIN KINASE DAI 5239 




FIG 1 Synthesis and characteiization of RNA duplexes. (A) Schematic of short dsRNAs produced by transcription of pBSII KS+ 
polylin'ker sequences. The several transcripts of 15 to 104 nt synthesized by T3 RNA polymerase (rightward arrows) were annealed to the 
complementary 358-nt transcript Oeftward arrows) synthesized by T7 RNA polymerase. After RNase digestion, the duplexes were punfied 
by electrophoresis in nondenaturing gels. (B) Anafysis of the purified dsRNAs in denaturing conditions. Samples of the radiolabeled dsRNAs 
were heated in formamide and resolved by electrophoresis in a 10% polyaciylamide-7 M urea gel. The fixed and dned gel was subjected to 
autoradiography- Size markers were sin^e-stranded RNAs synthesized as desraibed in part A (left) and pBR322-Hpan DNA fragments 
(right). 



33). High concentrations of dsRNA prevent the activation 
process but do not interfere with the activity of DAI once it 
has been activated by dsRNA at a lower concentration. The 
kinase also displays a stringent requirement for dsRNA 
chain length. Activation is reported to require a minimum of 
about 50 bp of duplex (18, 22, 32, 44), and there are 
indications that shorter duplexes may block activation at 
high concentration (44), as long dsRNA does. The ability of 
the enzyme to discriminate between dsRNA molecules on 
the basis of their chain length has implications for its 
regulation and the mechanism of DAI activation (37). Here 
we investigate the interactions of the enzyme with dsRNA 
molecules of specified sizes, studying binding and protection 
of dsRNA as well as activation and inhibition of the Idnase. 
Our results define the dsRNA size dependence of the inter- 
action and confirm that short duplexes which fail to bind 
stably and to activate the kinase can still interfere with 
activation mediated by longer duplexes. The data suggest 
that the minimal recognition element is a single helical turn 
but that there is an extended site for dsRNA binding which 
needs to be completely occupied for full enzyme activation. 



MATERIALS AND METHODS 
Synthesis of short dsRNAs. The plasmid pBSII KS+ (Strat- 
agene. Inc., La Jolla, Calif.) was banded twice in CsCl, 
passed over a Bio-Gel A 15-m column, and then digested 
with one of eight enzymes (Kpnl, HaelU, Xhol, Sail, 
Hinmi, Ecom, Bamm, or Eagl), which cut in the poly- 
linker, or with Pvull, which cuts outside the region contain- 
ing the polylinker and the T3 and T7 promoters (Fig. lA). 
The DNA was incubated with RNase A to remove the last 
traces of RNA, treated with proteinase K, and extracted 
with phenol and chloroform. After ethanol precipitation, the 
DNA was added to transcription reactions containing T7 
RNA polymerase (17) for the PvuII-digested template or T3 
RNA polymerase (Stratagene, Inc.) for the other templates. 
Reaction conditions were as described previously (43), ex- 
cept that the concentration of GTP or CTP was reduced to 12 
p-M for labeling. The corresponding [a-^^P]ribonucleotide 
(from ICN Biomedicals inc., Costa Mesa, Calif.) was 
present at a concentration of 500 |j,Ci/ml. Single-stranded 
RNA was recovered after DNasel digestion and phenol and 
chloroform extraction by ethanol precipitation. Each of the 
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T3 products (15 to 104 nucleotides [nt]) was mixed with an 
approximately equivalent amount of the complementaiy T7 
product (354 nt), heated to 100°C, and annealed as previ- 
ously described (29). Following digestion with both RNase 
Ti and RNase A, dsRNA was isolated by treatment with 
proteinase K and deproteinization and then fractionated by 
electrophoresis in a nondenaturing 10% polyacrylamide- 
0.5 X Tris-borate-EDTA (TBE) gel. The bands were detected 
autoradiographically, and each dsRNA was eluted into 10 
mM Tris-1 mM EDTA -10 mM NaCl-0.5% sodium dodecyl 
sulfate (SDS), deproteinized, and ethanol precipitated. The 
dsRNA was dissolved in the same buffer without SDS, and 
its concentration was calculated from the specific activity. 

Other RNAs. Longer dsRNAs (354 bp) were synthesized 
by transcription of the pGEM.GC plasmid (42). Reovims 
dsRNA was provided by A. J. Shatkin (Rutgers University, 
New Brunswick, N.J.), and Penicillium chrysogenum and 
bacteriophage f2 sus3 dsRNAs were provided by H. D. 
Robertson (Cornell University Medical School, Ithaca, 
N.Y.). Labeled single-stranded RNA was purified from the 
T7 and T3 polymerase transcription reactions described 
above by electrophoresis through a 10% polyacrylamide-7 
M urea-0.5x TBE gel. 

Kinase assays. Reactions (10 containing 2.5 jtCi of 
[7-'^P]ATP (ICN Biomedicals, Inc.) and 0.5 nl of DAI 
(about 5 ng) purified to the Mono S stage (29) were con- 
ducted essentially as described by Mellits et al. (42). The 
enzyme was added last to the other reaction components 
assembled on ice. Phosphorylation was visualized by SDS- 
polyacrylamide gel electrophoresis and autoradiography for 
4 to 16 h by using an intensifier screen. 

Nitrocellulose iilter-binding assay. The nitrocellulose filter- 
binding assay was conducted by using a modification of the 
published procedure of Kostura and Mathews (29). Briefly, 
labeled dsRNA was incubated for 20 min on ice with the 
Mono S fraction of DAI under kinase reaction conditions, 
with bovine serum albumin (BSA) and calf liver tRNA both 
added to a concentration of 0.1 mg/ral but with labeled ATP 
omitted. After dilution with 10 volumes of wash buffer (50 
mM KCl, 1.5 mM MgClj, 20 mM iV-2-hydroxyethylpipera- 
zine-/^/'-2-ethanesulfonic acid (HEPES) K* [pH 7.4], 0.1 
mM EDTA), the reaction mixtures were immediately filtered 
in a slot-blot apparatus through a 0.45-jj,m-pore-size nitro- 
cellulose membrane (Schleicher & Schuell, Keene, N.H.) 
that had been soaked for 1 h at room temperature in wash 
buffer containing 0.1 mg each of BSA and salmon sperm 
DNA per ml. Each well was washed with 200 (il of ice-cold 
wash buffer, and the filter was dried and exposed to autora- 
diography. Quantitation was done by scintillation counting 
of individual bands or direct scanning of the membrane with 
the AMBIS Imaging System. 

Binding of dsRNA to Sepbarose-bound DAI. A mixture of 
dsRNAs was partially degraded by incubation with RNase 
Ti and RNaselll (provided by H. D. Robertson) and then 
incubated with DAI immobilized on monoclonal antibody- 
Sepharose beads (13, 31) (from A. Hbvanessian, Institut 
Pasteur, Paris, France) as described previously (40). The 
beads were sedimented and washed five times by resuspen- 
sion and sedimentation. Of the input radioactivity, approxi- 
mately 15% was recovered with the beads, 80% was recov- 
ered in the initial supernatant plus first wash fraction and 5% 
was recovered in subsequent washes. RNA was extracted 
from the beads and from the initial supernatant plus the first 
wash fraction and was analyzed by electrophoresis in a 
nondenaturing 10% polyactylamide-0.5x TBE gel. 

Protection of dsRNA by DAI. Radiolabeled dsRNA (354 



bp) was bound to immobilized DAI as described above. 
After the third wash, the beads were washed twice with 
RNaselll buffer (100 mM NH4CI, 10 mM magnesium ace- 
tate, 20 mM Tris-HQ [pH 7.6]) and then incubated with SOU 
of RNaselll per ml for 30 min at 37°C. An equal amount of 
fresh RNaselll was added, and the incubation continued for 
a further 30 min. RNA was isolated from the beads and from 
the supernatant fractions and analyzed as described above. 

Gel retardation assay. Binding reactions (10 p.!) were 
similar to those for kinase assays, except that ATP was 
omitted and tRNA and BSA were present at 0.1 and 1 mg/ml, 
respectively. The concentration of labeled dsRNA was 55 
ng/ml, and the concentration of DAI (Mono S fraction), 
immunoaffinity chromatography-purified DAI (14), or p20 
(55) was varied. After incubation for 20 min on ice, a 
dye-glycerol solution was added and the samples were 
loaded directly onto a 5% polyacrylamide gel (acrylamide: 
bioaciylamide, 82:1). The gel was cast in 40 mM Tris-glycine 
buffer and had been prerun for 1 h at 150 V. Radioactivity 
was detected by autoradiography for approximately 16 h. 

RESULTS 

Characteristics of synthetic dsRNA. Duplexed RNAs of 
defined sizes were made by annealing a 358-nt transcript 
synthesized by T7 RNA polymerase with complementary 
transcripts of various lengths synthesized by T3 RNA poly- 
merase (Fig. lA). After digestion of the RNA tails and 
residual single-stranded RNA, the dsRNAs were purified by 
electrophoresis in nondenaturing polyacrylamide gels. When 
analyzed in denaturing conditions (Fig. IB), the individual 
strands of the dsRNA molecules were slightly heteroge- 
neous, with chain lengths a few nucleotides longer or shoiter 
than the input single strands as a result of the trimming 
process. When examined in a nondenaturing gel, however, 
the dsRNAs migrated as discrete bands, with mobilities 
similar to those of dsDNA markers (see Fig. 5A, lanes 3 to 
9). As expected, the duplexes were sensitive to digestion 
with RNaselll, a dsRNA-specific enzyme, but resistant to 
digestion by single-stranded specific nucleases except after 
denaturation (data not shown). 

Activation and inhibition of DAI. Activation of DAI is 
accompanied by its autophosphorylation, converting the 
enzyme from a latent state to a form which can phosphory- 
late eIF-2a. When the synthetic duplexes were examined for 
their ability to catalyze autophosphorylation, we found that 
23- and 34-bp dsRNAs were only slightly active, 40-bp 
dsRNA was partly active, and full activity was approached 
with 55- to 85-bp dsRNAs, which were nearly as active as 
the very long dsRNA (average size of > 2,000 bp) isolated 
from reovirus virions (Fig. 2A). These results, obtained with 
essentially flush-ended dsRNA, agree closely with previ- 
ously reported data obtained by using RNA molecules in 
which one strand was considerably longer than the other 
(44): in the eariier study, duplexes shorter than 30 bp were 
unable to activate DAI, and full activation was obtained with 
duplexes longer than 65 to 80 bp. The activation of DAI can 
also be monitored by phosphorylation of eIF-2, the natural 
substrate of this kinase. In this assay, 15-bp dsRNA was 
essentially inactive, 34-bp dsRNA was partially active, and 
55-bp (or longer) dsRNA was fully active (Fig. 2B). Thus, 
the slight autophosphorylation of DAI that is catalyzed by 
the 34-bp duplex is sufficient to permit DAI to phosphorylate 
its natural substrate weakly. These results are consistent 
with the findings that the very short (<20 bp) imperfect 
duplexes found in viral RNAs such as VA RNA (28, 38, 41, 
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FIG. 2. Activation of DAI by short duplesas. (A) Autophospho- 
rylation of DAI as a function of dsRNA concentration and chain 
length. Kinase assay reaction mixtures containing synthetic or 
reovirus dsRNA at the concentrations indicated were analyzed by 
electrophoresis in SDS-po!yactylamide gels and autoradiography. 
(B) Phosphorylation of eIF-2. Kinase assay reaction mbrturcs con- 
taining 33 ng of the synthetic dsRNAs indicated per ml or 40 ng of 
reovinis dsRNA per ml were supplemented with eIF-2 and were 
analyzed as described in part A. The positions of autophosphoiy- 
lated DAI and the phosphoiylated a subunit of eIF-2 are marked. 



42, 48), EBER (4, 7) and TAR RNA (18) are insufficient to 
cause DAI activation. 

From experiments with tailed duplexes, it was concluded 
that short dsRNAs which are incapable of activating DAI 
may nevertheless block the activation of DAI by longer 
dsRNAs (44). Figure 3A shows that at high concentration a 
flush-ended 23-bp dsRNA inhibited the activation of DAI by 
reovirus dsRNA. In this respect, short dsRNA resembles 
longer dsRNA molecules which block DAI activatioii at high 
concentrations, although the mechanisms might be different. 
Figure 3B demonstrates that long dsRNA (approximately 
3,000 bp) isolated from P. chrysogenum activates DAI at 
concentrations of up to 1 fig/ml and prevents activation at 10 
H,g/ml, as expected from the bell-shaped activation curve. 



40bp 



FIG. 3. Inhibition of DAI activation by high concentrations of 
dsRNA. (A) Inhibition of DAI autophosphoiylation by 23-bp 
dsRNA. Kinase assay reaction mixtures contained 20 ng of reovirus 
dsRNA per ml and the indicated concentrations of the 23-bp 
dsRNA. (B) Effect of duplexes of various lengths on DAI autophos- 
phoi^ation in the presence and absence of an activator dsRNA. 
Kinase assay reaction mbctures containing or lacking reovirus 
dsRNA (40 ng/ml) were supplemented with synthetic 34- or 40-bp 
dsRNAs or with P. chrysogenum dsRNA (P.C.) at the concentra- 
tions indicated. Autophosphoiylation of DAI was assessed as de- 
scribed for Fig. 2. 



Short duplexes, such as the 34-bp dsRNA (Fig. 3B), activate 
DAI only weakly and also become inhibitory at approxi- 
mately 10 p,g/ml. Similar results were obtained with bacte- 
riophage f2 sus3 dsRNA (approximately 30 to 50 bp long 
[22]) and the 23-bp synthetic duplexes (data not shown), 
while the 40-bp dsRNA gave a response intermediate be- 
tween that of the longer and shorter duplexes because of its 
significant ability to activate DAI (Fig. 3B). Single-stranded 
RNA is not inhibitory (data not shown). These results 
confirm that the enzyme is activated by relatively long 
dsRNA and can interact with short duplexes in a nonpro- 
ductive way. 

RNA size dependence of DAI binding. The existence of 
opposing effects of dsRNA on DAI activity makes it impor- 
tant to address directly the binding of this ligand to the 
protein. We examined the interactions between DAI and 
dsRNA, using three assays which explore different aspects 
of the process: nitrocellulose filter binding, binding to an 
afiinity matrix, and gel retardation. Figure 4A and B illus- 
trates the binding of single-stranded RNA and dsRNA as a 
function of chain length in the filtration assay. Duplexes with 
sizes of 15 and 23 bp did not bind detectably, whereas 34- 
and 40-bp duplexes bound weakly. Longer molecules bound 
with increasing efficiency, and 85- or 104-bp dsRNA bound 
as efficiently as 354-bp molecules. Single-stranded molecules 
bound only very weakly, except for the 354-nt molecule, 
which may be able to form a small amount of secondary 
structure. The binding of dsRNAs to DAI was also measured 
as a function of h'gand concentration (Fig. 4C and D). The 
efficiency with which short duplexes bound to DAI did not 
improve at subsaturating RNA concentrations, suggesting 
that the affinity of the enzyme is low for molecules with sizes 
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FIG. 4. Size dependence of dsRNA binding to DAI. (A and B) Niuocellulose filter-binding assay for the binding of single-stranded RNA 
and dsRNAs. Autoradiograms of the membrane are shown (top panel). Quantitation of RNA binding (bottom panel) was obtained by 
scintillation counting or scanning of the individual filter bands and subtraction of the background value (lanes labeled -DAI) from the signal 
radioactivity (lanes labeled +DAI). •, dsRNA (ds); O, single-stranded RNA (ss). (C and D) Concentration and size dependence of 
dsRNA-binding efficiency. The percentage of the input dsRNA that was retained on the filter in the presence of DAI was quantified at various 
dsRNA concentrations of 1,000 (■). 330 (A). 100 (A), 33 (□), 10 (O), and 3.3 (•) ng/ml, respectively. 



of 40 bp or less and that the affinity increases uniformly as 
the chain length is increased, reaching a maximuni at 85 bp. 
These data agree closely with the dependence of activation 
and inhibition on dsRNA chain length (Figs. 2 and 3) and are 
consistent with a model which equates activation with stable 
dsRNA binding. Duplexes shorter than 30 to 40 bp bind 
weakly and cannot activate although they inhibit activation; 
longer duplexes (40 to 85 bp) bind with increasing stability 
and their ability to activate the enzyme increases concomi- 
tantly; b^nd this length, the efficienqr of binding and 
activation remains unchanged. 
Binding and protectim of dsRNA. One interpretation of 



these observations is that the dsRNA binding site in DAI 
accommodates up to —85 bp of duplex but can bind shorter 
duplexes less stably, down to -30 bp. To test this interpre- 
tation we employed DAI immobilized on antibody-Sepha- 
rose beads. First, to define the minimum size of dsRNA that 
can bind to the enzyme, a mixture of dsRNA molecules was 
partially digested with RNaselll to generate a collection of 
duplex molecules with a broad size distribution. This collec- 
tion was allowed to bind to the immobilized DAI, and the 
beads were washed to remove nonspeciflcally adsorbed 
dsRNA. Figure 5A displays the DAI-bound dsRNA (lane 1) 
and the unbound RNA that remained in the supernatant (lane 
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FIG. 5. Binding and protection of dsRNA fragments by DAI. (A) 
Binding of randomly sized dsRNA fragments. A mixture of frag- 
ments (approximatety 10 to 350 bp) was incubated with DAI 
attached to Sephaiose beads. Unbound RNA was separated from 
the beads by centrifiigation and washing. Equal fractions of the 
DAI-bound (lane 1) and unbound (lane 2) dsRNA were resolved in a 
nondenaturing polyacrylamide ge! and detected by autoradiography. 
Markers included discrete dsRNA fragments with sizes of 34 to 104 
bp (lanes 3 to 8), denoted by the restriction site designation used in 
their synthesis (Fig. lA), and 354 bp (lane 9), denoted GC for the 
plasraid used in its synthesis (pGEM.GC). (B) Protection of DAI- 
bound dsRNA from digestion by RNaselll. Discrete 354-bp dsRNA 
(lane 1) was bound to DAI attached to Sepharose beads, and 
unbound RNA was removed. The beads were exhaustively incu- 
bated with RNaselll, and the released RNA fragmente were col- 
lected. Equal fractions of the released RNA (lane 3) and the RNA 
lined associated with the beads (lane 2) were resolved as 



2). Con^)arison with dsRNA markers (lanes 3 to 9) and with 
an RNA sequence ladder (data not shown), indicated that the 
cutoff for binding was at approximately 28 bp, in good 
agreement with results obtained in the nitrocellulose filter- 
binding assay. Moreover, visual inspection of the autoradio- 
gram suggested that dsRNA with a size of 28 to 40 bp bound 
less efficiently than longer duplexes. 

Next, we conducted a protection experiment to determine 
the length of dsRNA that is shielded by DAI from nuclease 
attack. Intact 354-bp dsRNA was bound to DAI immobilized 
on antibody-Sepharose beads, and the excess unbound 
dsRNA was removed. The bound dsRNA was digested by 
incubating the beads with RNaselll to trim off regions of 
duplex that were not protected by DAI. Figure 5B, lane 3, 
shows that the released dsRNA had been reduced to frag- 
ments of approximately 10 to 20 bp as expected (57), 
whereas the bulk of the DAl-associated material (lane 2) 
ranged in size from approximately 60 to 120 bp, with a 
substantial concentration in the longer-size class (approxi- 
mately 100 to 120 bp). Assuming that RNaselll leaves 15 bp 
of dsRNA protruding on each side, we deduce that DAI 
associates with 30 to 90 bp of dsRNA. Taking 110 bp as the 
modal length of the protected fragments, it appears that 
about 80 bp of duplex interact directly with the enzyme, 
roughly the length of dsRNA that gives maximal binding in 
the nitrocellulose filter assay. The length of the protected 
fragment was not altered at relatively high concentrations of 
dsRNA (up to 1 itg/ml; data not shown), conditions which 
would be expected to disfavor oligomerization of DAI on the 
dsRNA. These findings support the view that the dsRNA site 
extends for ~80 bp and that shorter molecules bind with 
lesser affinity, provided that they are at least 28 bp long. 

DAI-dsRNA complexes. To characterize the interactions 
more directly, we examined complexes formed between DAI 
and dsRNAs in a gel retardation assay (Fig. 6A). No 
complexes were observed with 15- or 23-bp duplexes (data 
not shown), but longer dsRNAs formed complexes with 
increasing efficiency. Four series of complexes were distin- 
guishable (bands I to IV). Their relative abundance was 
principally a function of RNA chain length, with a lesser 
dependence on DAI concentration. On the basis of their 
behavior, the complexes seem to fall into two families. One 
family, containing the more slowly moving bands I and II, 
forms preferentially with duplexes of less than optimal 
length (34 to 67 bp) in binding and activation assays. The 
second family, containing the faster moving bands III and 
IV, forms preferentially with longer duplexes (>85 bp), 
which are fully active in binding and activating DAI. 

Band I was the most prominent complex with 55- and 
67-bp duplexes but was barely detectable with longer or 
shorter duplexes. It was formed at low DAI concentrations 
and seemed to be converted to band II at elevated DAI 
concentrations. Indeed, regardless of chain length, complex 
n was seen only at high DAI concentrations. With 34- and 
40-bp duplexes, the only detectable complexes appeared to 
migrate in band II. Formation of complex II increased as the 
chain length was extended, reaching maximal levels with the 
67-bp duplex and declining as the chain length was extended 
further, to 85 and 104 bp. 

The most abundant complexes, formed with 85- and 
104-bp duplexes, migrated in band III. This band was also 
visible with 67-bp and perhaps SS-bp dsRNAs. As chain 
length increased, complex III was formed at progressively 
lower concentrations of DAI. It also seemed to decrease 
slightly at high DAI concentrations. Band IV displayed a 
pattern similar to that of band III but was always less 
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FIG. 6. Gel-shift analysis with DAI. (A) Dependence on dsRNA size and DAI concentration. dsRNAs with sizes of 34 to 104 bp were 
incubated with various amounts of DAI (0, 0.05, 0.1, 0.25, 0.5, and 1.0 (il from left to right, symbolized by the wedges) purified to the Mono 
S stage. The resultant complexes were separated by electrophoresis tn nondenaturing conditions and detected by autoradiography. The 
positions of complexes I (•), II (— ), III (<3), and IV {<) and of the free dsRNA fragments are marked in each panel. (B) Shifts with essentially 
homogeneous DAI and antibody supershift. dsRNA with a size of 67 bp (lanes 1 and 2), 85 bp (lanes 3 and 4), or 104 bp (lanes 5 and 6) was 
incubated with 1 p,! of DAI purified by immunoaffinity chromatography in the presence (lanes 1, 3, and 5) or absence (lanes 2, 4, and 6) of 
1 (il of monoclonal antibody to DAI. (C) Competition assays. Standard reaction mixtures (lanes 9 and 14) contained DAI (Mono S fraction) 
and 100 (ig of tRNA per ml; P. chrysogenum dsRNA (0.25, 0.5, 0.75, and 1 tJ,g/ml; lanes 1 to 4 and 5 to 8} or additional calf liver tRNA (100, 
200, 300 and 400 fLg/ml; lanes 10 to 13 and 15 to 18} was added as indicated, '^-labeled dsRNA (67 bp [lanes 1 to 4 and 9 to 13] or 104 bp 
[lanes 5 to 8 and 14 to 18J) was present at 55 ng/ml. The wedges symbolize increasing concentrations from left to right; — indicates absence 
of the RNA. 



abundant. Both of these bands correlate well with full 
enzyme activity. 

Very similar patterns of bands were formed with an 
essentially homogeneous preparation of DAI purified by 
immunoaffinity chromatography (Fig. 6B), and the gel-shift 
activity cosedimented with kinase activity through a glycerol 
gradient (29) (data not shown). Furthermore, as seen in Fig. 
6B, all of the complexes were "supershifled" to forms with 
slower mobility by addition of monoclonal antibody directed 
against DAI. The antibody did not produce a gel shift on its 
own (i.e., in the absence of DAI), but it appeared to stabilize 
DAI-dsRNA complexes so that less probe remained in free 



form. These experiments verified that bands I to IV all 
contain DAI. Competition experiments demonstrated that 
the most prominent complexes, band I with 67-bp dsRNA 
and band III with 104-bp dsRNA, were resistant to the 
presence of excess tRNA but were sensitive to unlabeled P. 
duysogenum dsRNA competitor (Fig. 6C). The complexes 
formed with the ICM-bp dsRNA were more resistant to 
competition than those formed with 67-bp dsRNA, as ex- 
pected from the higher affinity of DAI for longer duplexes 
(Fig. 4). For some of the minor bands (e.g., band TV), 
competition was more effective with tRNA at very high 
concentrations than with dsRNA at moderate concentrations 
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FIG. 7. Gel shift analysis with the p20 polypeptide. (A) Dependence on dsRNA size. Reaction mixtures contained dsRNA of 40, 67, or 
85 bp as indicated and 0, 0.032, 0.063, 0.X25, 0.25, 0.5, 2.5, 5, or 10 ng/ml of p20 (increasing from left to right as symbolized by the wedges). 
The number of p20 units in each band is indicated on the right. (B) Dependence on dsRNA and p20 concentration. Assay mixtures contained 
85-bp dsRNA at a concentration of 55, 110, or 220 iig/ml and p20 at a concentration of 0, 63, 125, 250, or 500 ng/ml. Concentrations increase 
from left to right. The relative concentrations of these two components are indicated above the autoradiogram, and the number of p20 units 
in each band is marked on the side. 



for reasons that are presently unclear. Neither single- 
stranded DNA nor dsDNA was an effective competitor (data 
not shown). Iliese results demonstrate that the most prom- 
inent complexes are dsRNA and DAI specific and that there 
is a rather abrupt change in electrophoretic mobility when 
the dsRNA reaches the size for optimal binding and activa- 
tion (approximately 80 bp). 

Minimal binding site. The ability of short duplexes (<30 
bp) to inhibit DAI activation implies that they interact with 
the enzyme, even though their binding is not sufficiently 
stable to be detected by the assays used to this point. To 
determine the minimal length of duplex that can interact with 
DAI, we employed the close-packing method for estimating 
the number of protein molecules that can bind to duplexes 
with known sizes. For this purpose, we used a truncated 
version of DAI, p20, comprising the N-terminal 184 amino 
acids which we and others have determined to contain the 
RNA-binding domain of the protein (16, 25, 39, 50). The 
numbers of p20 molecules binding to a given dsRNA were 
estimated from gel-shift assays conducted at increasing 
concentrations of the protein. As seen in Fig. 7A, a series of 
complexes was formed, reaching a maximum at the highest 
protein levels. The number of complexes increased with 
increasing dsRNA chain length as follows: 40 bp, three 
bands; 67 bp, six bands; 85 bp, seven bands. Assuming that 
each shifted band corresponds to the binding of a p20 
molecule, these data imply that the minimum binding site is 
about 11 bp, equivalent to a single turn of A-form RNA 
helK. 

The appearance of a ladder of bands with p20 suggested 
that there may be differences between the binding of this 
fragment and intact DAI to dsRNA. Further experiments 
showed that the formation of the p20 complexes is specific in 
that tRNA does not compete (data not shown). To rule out 
the possibility that the p20 banding patterns are due to a 
concentration-dependent protein oligomerization that is in- 



dependent of dsRNA, we conducted band-shift assays at 
increasing dsRNA concentrations. Figure 7B shows that 
more p20 protein is required to achieve a given gel shift at 
higher concentrations dsRNA (compare, for example, the 
amount of p20 needed to complex all of the dsRNA in the 
reactions). This indicates that oligomerization depends on 
the presence of dsRNA and is due to the formation of a 
series of protein-RNA complexes rather than to preformed 
protein-protein aggregates. The banding pattern was also 
influenced by the absolute concentration of p20 and dsRNA, 
however, as can be seen by comparing lanes with equal 
ratios of dsRNA to p20 (such as 1/1, 2/2, and 4/4). The shift 
to larger complexes at higher concentrations could merely 
reflect the concentration dependence of the reaction accord- 
ing to the law of mass action, or it could imply that p20 
complexes are stabilized by protein-protein interactions 
when p20 monomers are bound adjacently on dsRNA. In the 
latter case, stabilizing protein-protein interactions would 
provide an explanation for the apparent paradox that DAI 
binds efficiently only to duplexes of longer than 30 bp but can 
bind to as little as a single helical turn of dsRNA. 

DISCUSSION 

Although the existence of DAI has been known for many 
years and its activation by a variety of polynucleotides has 
been studied intensively, an understanding of the enzyme's 
regulation has remained elusive. The kinase is activated by 
autophosphorylation in the presence of dsRNA. This re- 
sponse exhibits a number of unusual features: first, activa- 
tion is prevented by high concentrations of dsRNAs which 
activate the kinase at low concentrations; second, short 
RNA duplexes fail to activate DAI at any concentration but 
prevent activation at elevated concentrations; third, highly 
structured single-stranded RNAs of viral origin also fail to 
activate DAI but can block activation by authentic, long 
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dsRNA. To illuminate the interactions between dsRNA and 
DAI, we generated a series of short RNA duplexes and 
studied directly their binding to the enzyme as well as their 
effects on its activity. The results correlate activation with 
the formation of stable complexes with a characteristic 
electrophoretic mobility and suggest a model that is compat- 
ible with the emerging understanding of DAI structure. 

Our results are most consistent with the view that DAI 
possesses a single effective site for dsRNA, capable of 
accommodating approximately 80 bp of duplex. Two obser- 
vations support this conclusion most strongly. First, as the 
length of the dsRNA ligand is increased, maximal binding is 
attained at this size and longer molecules bind no more 
efficiently, and second, the kinase protects this length of 
duplex from digestion by nuclease. Shorter duplexes, down 
to a lower limit of approximately 30 bp, bind with steadily 
decreasing efficiency while duplexes with lengths of less than 
30 bp are unable to form a stable complex with DAI under 
normal conditions. Nonetheless, since such very short du- 
plexes block the activation of DAI, we assume that at high 
concentrations they form transient interactions which pre- 
vent DAI activation. Likewise, other polynucleotides, such 
as RNA-DNA hybrids and partially methylated dsRNA 
duplexes that fail to activate the kinase, as well as long 
dsRNAs that can activate DAI, share this property of 
inhibiting kinase activation at high concentrations. The 
nature of these inhibitory interactions is unclear, and it 
remains to be seen whether viral effectors such as VA RNA, 
EBER, and TAR RNA function in the same way as short 
duplexes or whether they interact in a distinct fashion to 
block DAI activation. Preliminary data indicate that the sites 
for VA RNA and dsRNA are overlapping but perhaps not 
congruent (16). 

How do these functional observations relate to the struc- 
ture of the enzyme? DAI possesses two RNA-binding ele- 
ments in its N-terminal domain (12, 16, 25, 39, 50). Each 
element contains an RNA-binding motif which is rich in 
basic amino acids and is predicted to form an a-helical 
structure (16, 39). Both elements are required for efBcient 
binding of RNA, and they appear to cooperate to form a 
single bivalent site which optimally extends over approxi- 
mately 80 bp of duplex. Since the RNA binding domain of 
DAI, expressed as the p20 protein, is able to interact with as 
little as U bp of dsRNA, we speculate that each element 
interacts with a single helical turn and that optimal binding 
occurs when these two turns are separated by about five 
intervening helical turns. In this complex, the entire span of 
approximately 80 bp is protected by DAI against attack by 
the dsRNA-specific nuclease RNaselll. With this model, 
interactions with shorter dsRNA molecules entail increasing 
strain on the enzyme, accompanied by decreasing affinity, 
such that it becomes impossible for both elements to bind 
when there is less than one intervening helical turn (at 
approximately 33 bp). Evidently, monovalent complexes can 
also be formed at high ratios of enzyme to RNA as in the p20 
gel-shift experiments: these complexes presumably involve 
only the stronger RNA binding region (region 1 [16]) and 
allow the protein to pack onto the RNA to a density of one 
molecule per helical turn. 

According to this model, activation of the enzyme requires 
bivalent dsRNA binding which becomes detectable at ap- 
proximately 30 bp and is most stable when the duplex is at 
least 80 bp long. Correlating with the formation of the most 
stable complexes is a sliift in their mobiUty in the gel 
retardation assay. The predominant complex formed with 
dsRNA with a length of >85 bp is band III, which moves 



faster than the predominant complex formed with shorter 
dsRNA (band I). We considered the possibility that longer 
duplexes might be able to bind more DAI molecules than 
shorter duplexes, but because DAI is a basic protein (pi 8.6), 
it is unlikely that the acceleration in gel mobility that occurs 
between 67 and 85 bp with the shift from complex I to 
complex III is due to the binding of a second DAI molecule 
to a DAI-dsRNA complex. Therefore, we argue that the 
faster migration is probably due to a conformational change 
in the dsRNA or the DAI-dsRNA complex which leads to 
compaction and increased electrophoretic mobility. Com- 
paction could result from relief of the distortion in DAI that 
occurs when the two binding elements can interact with 
optimally spaced sites on dsRNA. Alternatively, it could be 
accomplished if the RNA were bent or wrapped around the 
enzyme once it had filled the entire site. If this explanation is 
correct, it seems that the duplex must be continuous since an 
elevated concentration of 40-bp molecules does not have the 
same effect on binding or activation as an 80-bp duplex. The 
minor complexes, II and IV, seem to be related to complexes 
I and III, respectively, but display increased sensitivity to 
competition with tRNA. They are unlikely to represent the 
addition of a second molecule of DAI to a DAI-dsRNA 
complex because of the large retardation effect that this 
would be expected to have on electrophoretic mobility and 
there are few clues as to their structure or significance at 
present. 

The proposal that DAI contains a single bipartite RNA- 
binding site provides an alternative to the two previous 
models for DAI activation, neither of which is readily 
compatible with the results presented here. The gel-shift 
data could be interpreted in terms of the model in which DAI 
possesses two distinct sites for dsRNA binding (15, 37), a 
high-affinity site for activation and a low-afSnity inhibitory 
site, if it were supposed that duplexes with sizes of s67 1^ 
bind at the inhibitory site whereas longer duplexes bind at 
the activating site. The resultant complexes could have 
significantly different mobilities. However, the apparent 
affinities for these duplexes are not greatly different in the 
binding assays shown here, so the postulate that the activa- 
tion site is of much higher affinity than the inhibitory site is 
not satisfied. Moreover, 40- to 67-bp duplexes have signifi- 
cant ability to activate the enzyme. The data could also be 
interpreted in terms of the model that DAI is activated when 
two molecules bind to a single molecule of dsRNA (37, 49). 
On this basis, 80 bp would be the length of duplex required 
to span the RNA-binding sites of two DAI monomers. Each 
monomer would interact with 30 to 40 bp of dsRNA, and the 
complex would be stabihzed by cooperative interactions 
between the protein molecules. The monotonous increase in 
binding efficiency with a chain length between 30 and 85 bp 
argues against this model, as does our failure to obtain 
protection of shorter RNA fragments at high ratios of DAI to 
dsRNA. Also, with this model, it is difficult to explain the 
multiplicity of complexes observed in band-shift experi- 
ments: in particular, longer duplexes or higher DAI concen- 
trations would be expected to give rise to slower complexes, 
contrary to observations. 

In summary, the data presented here suggest that DAI 
interacts with as little as 11 bp (one helical turn) of dsRNA, 
but activation is associated with the formation of a stable 
DAI-dsRNA complex. The formation of such a complex 
requires at least 30 bp of duplex (about three turns) and 
probably takes place when both of the enzyme's RNA- 
binding motifs are engaged with the ligand. Complex forma- 
tion is optimal with dsRNA containing at least 80 bp {seven 
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to eight turns) and is apparently accompanied by a confor- 
mational change in the complex. We speculate that the 
bivalent interaction with dsRNA or the conformational 
change itself is critical for enzyme autophosphoiylation and 
activation. With this model, short dsRNAs would be ex- 
pected to block activation because they can interact with 
only one RNA-binding motif. Specific inhibitors of DAI 
activation, such as VA RNA, may also bind to one motif, or 
alternatively they may bind to both motifs but in such a way 
as to interfere with the conformation of the enzyme. Simi- 
larly, long dsRNAs that activate the enzyme at low concen- 
trations might block activation at high concentrations be- 
cause the two binding motifs form complexes with separate 
RNA duplexes, thereby precluding the requisite conforma- 
tional change. While this is a satisfying explanation, there 
are alternatives which also fit the available facts. For exam- 
ple, since autophosphoiylation appears to be intermolecular 
(29, 37), it is also possible that DAI serves as a phosphate 
acceptor only when it is not bound to dsRNA, a situation 
which would obtain at low or moderate concentrations of 
dsRNA. Consistent with this view, a truncated form of DAI 
that lacks the RNA binding site can still be phosphorylated 
by intact DAI (unpublished data). It is clear that further 
investigation will be required to establish the nature of the 
coupling between dsRNA binding and kinase activation: 
such studies are in progress. 
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